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Experimental Evaluation of the Dissolution Rates of Ti
and FeTi70 in Liquid Fe
LIEVEN PANDELAERS, DIANE BARRIER, PASCAL GARDIN,
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During secondary steelmaking, improving alloy yield and engineering inclusion content require
understanding and quantification of the alloy distribution in the melt. When additions are
dropped in the melt, a steel shell solidifies around them. After this shell has melted, the alloy is
spread in the melt. The influence of process parameters on the duration of the shell period for Ti
and FeTi70 additions has been experimentally evaluated. For Ti, the melt temperature and the
initial addition size were varied and for FeTi70, only the melt temperature was varied. By
continuously measuring the apparent weight of submerged samples with a load cell, the shell
period and the amount of molten alloy within the shell were determined. The shell period
increases at lower superheats and for larger sample sizes. For a certain size of Ti additions, the
molten content within the shell increases with increasing shell period. The importance of this
period, relative to the total dissolution time, increases at lower superheats. All investigated
FeTi70 samples may melt completely within the shell. While the shell period lasts longer for
FeTi70 than for the corresponding Ti samples, this fast internal melting yields a net reduction in
total dissolution time.
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I. INTRODUCTION
THE main target of secondary steelmaking is to
adjust composition, temperature, and cleanliness of the
steel before casting.[1] To reach this goal, deoxidizers
and alloying agents are added to the melt. Their
dissolution behavior influences the homogeneity of the
melt, as well as composition, size, distribution, and
morphology of the inclusions.[2] The nature of these
inclusions depends on local thermodynamic equilibrium
conditions.[3] Therefore, it is important to know where
and when they are formed. As it is impossible to remove
all inclusions,[4] they should be engineered to minimize
their detrimental effect on the end product properties.[5]
In order to better predict the inclusion nature, the
local concentration (spatial and temporal) of the melt
has to be determined. Therefore, one must know how
alloying agents dissolve. When a cold alloy is added to
liquid steel, a steel shell solidifies around the addition
and reacts with it. As the addition heats up, this shell
starts melting. When it has completely melted, the
reaction products are released and the remaining addi-
tion dissolves in the melt. The time during which a steel
shell is present is referred to as the steel shell period
(SSP). The subsequent stage is called the free dissolution
period (FDP).[6] The relative importance of both periods
and the degree of interaction between the shell and the
addition depend on the type of addition. Low melting
point additions like Al may melt entirely within the
shell,[7] whereas some high melting point additions
hardly react.[8] Examples of experimental and modeling
studies in the literature comprise additions dissolving in
their own melts[9–13] as well as additions of Al,[7] Zr,[14]
Nb,[15] Ti,[16–19] V,[8] FeSi,[20,21] FeMo,[22] SiMn, FeMn,
and FeCr[21] to liquid steel. The duration of the SSP and
the FDP also depends on process conditions, like the
addition size and the melt temperature. A comprehen-
sive overview of the main influencing factors is given by
Zhang and Oeters.[6] The combination of a specific
addition type and certain process conditions can lead to
the entrapment of an addition in the slag before the shell
has melted, reducing the net alloy yield. Moreover, due
to the shell, it is a priori unsure where an alloy will be
released in the melt. The distribution of an alloy in the
ladle will thus vary with the SSP as well as with the
reaction products formed within the shell. Therefore, to
determine the transient local concentration of the melt,
quantitative data on the SSP are required.
Ti is a major alloying element for interstitial free steels.
It is also added to stainless steels to avoid intergranular
corrosion by forming carbides and nitrides and to high-
strength steels to improve their fracture toughness and to
restrict grain growth.[23] In this study, Ti makes an
excellent case study for different reasons. It is a powerful
deoxidizer and reacts with alumina to form harmful
(Al,Ti)Ox complexes.
[24,25] Ti is a relatively expensive addi-
tion and a high recovery is thus primordial. Ti is also
interesting because of its complex dissolution behavior.[16]
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It has a highermelting point thanFe, but the Fe-Ti system
shows two eutectic points (Figure 1,[26]), so that part of
the Ti can melt at a lower temperature, while it is still
enclosed by the shell.Microstructural analysis of partially
dissolved samples has shown that a liquid reaction zone
starts to develop instantaneously upon immersion and
can dissolve a significant part of the addition before the
shell has melted.[17] When the shell melts, this liquid
reaction zone is released in the steel melt together with the
remaining unreacted Ti.
The aim of this work is to experimentally quantify the
SSP of Ti and FeTi70 (a common industrial Ti source
containing 70 wt pct Ti) additions under different
process conditions. The method is based on the exper-
imental setup by Argyropoulos,[8] who used a load cell
to deduce the actual thickness of dissolving cylinders by
measuring their apparent weight during dissolution. The
current analysis shows that this method also provides an
estimate for the amount of molten addition within the
shell. For Ti, the influence of the initial addition size and
the melt temperature is evaluated and for FeTi70, the
influence of the melt temperature is evaluated. First, the
relevant materials and methods are introduced after
which the results are given and discussed.
II. MATERIALS AND METHODS
A. Furnace
Figure 2 shows a schematic of the experimental setup,
consisting of a Balzers vacuum induction furnace on top
of which a tube system was mounted. The vessel contains
an induction coil with an Al2O3 crucible in which the melt
was prepared. The tube system contains the measuring
equipment and the samples prior to immersion.
B. Melt
30-kg Fe-based melts were produced by melting mix-
tures of electrolytic Fe, extremely low carbon steel, and
low-alloyed C steel (typical mass ratio 8:52:40) to obtain a
well-controlled C content and a negligible amount of other
alloying agents (Tables I, II, III). The carbon reacts with
the oxygen in themelt to formCOandCO2, hence limiting
slag formation by the oxidation of dissolved Ti. To
promote degassing, the pressure in the furnace vessel was
kept below 1 mbar throughout the experiment. The final
oxygen activity in the melt measured with a single-use
oxygen probe (Celox type B, Heraeus Electro-Nite) was
2 ppm. The bath temperature was measured continuously
using a type B thermocouple (Pt-30 pct Rh/Pt-6 pct Rh)
introduced through the bottom of the crucible. To avoid
thermocouple failure, it only partially penetrated the
crucible bottom. The deviation from the real bath temper-
ature was determined through calibration experiments
with thermocouples immersed in the melt. These measure-
ments showed the bath temperature to be constant in the
melt, except in the top 0.01-m layer where the temperature
was approximately 20 K lower than in the bulk.
C. Sample Preparation
The a-Ti cylinders at room temperature were 0.12 m
in length and had a diameter between 0.015 and
0.030 m. Table IV gives their composition. The outer
layer of the as-received Ti material was mechanically
removed with a lathe after which the surface was visibly
clean. To simplify the analysis, synthetic FeTi70 cylinders
Fig. 1—Fe-Ti phase diagram with indication of the FeTi70 composi-
tion.[26]
Fig. 2—Schematic overview of the experimental setup in the Balzers
induction furnace.
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were produced, containing none of the Al and V impu-
rities typically present in commercial ferroalloys.[27]
Pieces of Ti (CP 2) and electrolytic Fe were put alternat-
ingly in sealed SiO2 glass tubes under Ar pressure of
100 mbar. The tubes were put in a resistance-heated box
furnace (Nabertherm HT 16/17) under ambient atmo-
sphere at 1573 K (1300 C) for 15 min. Thereafter, the
molten content solidified by cooling the tubes at 30 K/s
down to 1173 K (900 C). Finally, they were air cooled in
an insulating blanket. After cooling, the cylinders were
sandblasted to remove anyoxide shell present and ground
with sand paper. Accurate size adjustments of the
cylinders by mechanical operations were not possible
due to the high content of brittle intermetallic phases. The
cylinders were about 0.12 m in length and had an average
diameter of (20.8 ± 0.5) 103 m. The resulting macro-
and microstructures were studied in cross sections using
SEM/EDS after polishing to a 0.25-lm finish.
D. Dissolution Tests
Before immersion, the sample surface was washed,
rinsed with ethanol, and dried. Next, the sample was
mounted in the top tube shown in Figure 2 which was
evacuated below 1 mbar. Meanwhile, the furnace power
was adapted such that the measured bath temperature
remained constant for 5 min. Once the vacuum lock
between the tube and the furnace was opened, the
sample was immersed along its axis in the melt.
Immediately before opening the lock and lowering the
sample, data recording started and the induction power
was switched off, after which the melt surface was
visually stagnant. Approximately 20 s passed between
shutting off the power and the immersion of the sample.
The measured temperature did not change during this
period. There was less than 1 s of difference between the
immersion of the lower and the upper sample parts. In
some instances, multiple cylinders were dissolved in the
same melt. The immersion tests were stopped when the
total amount of dissolved Ti in the Fe exceeded 3 wt pct
or when a solid slag layer had formed despite the
deoxidation procedure. The precise immersion depth
(~0.09 m) was determined by measuring the length of
the unimmersed part after removal from the bath. After
the experiment, the crucible was cooled under vacuum
and the remaining C in the melt was determined by
carbon analysis on a sample of the solidified melt. The C
content was below 0.1 wt pct in all cases, resulting in an
associated decrease in liquidus temperature relative to
pure Fe of about 10 K. To account for this, the results
are given as a function of the corresponding superheat,
with respect to the liquidus temperature as determined
with differential scanning calorimetry (DSC). The error
bars in the figures give an indicative estimate of 5 K on
the temperature and 1 s on the time. The latter is related
to the uncertainty regarding the moment of immersion.
E. Load Cell Measurement
The apparent weight of the samples during immersion
was measured with a load cell from which they were
suspended (SENSY 10 daN, model 2712 XS). This
weight is an indirect measure for the sample thickness.
The conversion principle relies on two force contribu-
tions: gravity, FG, and buoyancy, FB. Neglecting the
contribution from the shear forces by fluid flow along
the cylinder, the net upward force FNUF on an immersed
volume Vimm can be written at any time as
FNUF ¼ FB  FG ¼ Vimm qliquid  qsolid
   g: ½1
g is the gravitational constant and qliquid and qsolid are
the densities of the liquid and solid phases, respectively.
While the density of the melt is approximately constant
throughout the SSP, qsolid varies as a function of time
and place in the sample. To account for this, a more
general formulation of Eq. [1] reads as
FNUF ¼ FB  FG ¼
Xn
i¼1
dViimmðqliquid  qisolidÞ  g; ½2
where d Viimm represents a subvolume with constant
density and n is the total number of subvolumes.
III. RESULTS AND DISCUSSION
A. Ti: Typical Load Cell Output
Figure 3 shows the typical evolution of the force on a
submerged Ti cylinder as a function of time. The large
Table I. Composition of Electrolytic Fe
Element C P S Si Mn Cu Cl N O Fe
[ppm] 5 5 1 <5 1 15 50 8 70 balance
Table II. Composition of Extremely Low Carbon Steel
Element C Mn Si P S Al Ti Cu Cr Ni As Sn N Fe
[wt pct] 0.034 0.2 0.005 0.006 0.006 0.052 0.004 0.008 0.019 0.024 0.001 0.002 0.0016 balance
Table III. Composition of UHB11
Element C Si Mn Fe
[wt pct] 0.46 0.2 0.7 balance
METALLURGICAL AND MATERIALS TRANSACTIONS B VOLUME 44B, JUNE 2013—563
fluctuations in the raw load cell signal correspond to the
vertical movement of the sample toward and away from
the melt. During the actual immersion period, indicated
by the gray area, this scatter is considerably less. To
further smoothen the scatter induced by transversal
movement of the sample in the melt, the average force
per second after immersion was calculated. To allow
comparison of different experiments, the force was also
normalized by dividing by the immersed length. The end
of the SSP is marked by a sudden decrease in force. At
the end of the FDP, the net force drops to zero.
B. Generic Load Cell Output Interpretation
During the SSP, the force on the cylinder is expected
to change predominantly due to the thermal expansion
of the sample and due to the solidification of the steel
shell. Both effects are illustrated qualitatively in Fig-
ure 4. The horizontal line is the reference force corre-
sponding to a cylinder at room temperature immersed in
the melt, when no shell has solidified. Since the density
of Ti is lower than the density of the melt, a net upward
force results. To evaluate the expected force evolution,
consider two simplified cases. First, ignore the shell
solidification. In this case, an increase in force is
expected during the SSP: The mass of the cylinder does
not change, but its volume does, due to the thermal
expansion upon heating. The gravitational contribution
thus remains the same, while the buoyant contribution
increases. The larger the thermal expansion, the larger
the increase in force. In the second case, consider the
shell solidification and ignore the thermal expansion. If
the density increases upon solidification, as is the case
for Fe, a downward contribution is associated with the
shell, proportional to the density difference between the
shell and the melt. The temporal evolution of this
contribution, indicated by the dotted line, reflects the
thickness evolution of the shell. The larger the density
difference, the larger the change in force. In reality,
temperature and shell solidification play a simultaneous
role and the net effect of these counteracting trends
depends on their relative magnitude. Ideally, if there is
no thermal expansion and if the density difference
between the shell and the melt is large, the force
measurement can be linked to the actual thickness of the
shell. However, when both contributions are similar in
size, or when the density difference between the shell and
the melt is small, the shell thickness cannot be deter-
mined accurately.
During the FDP, after the shell has disappeared, the
composition in the remaining solid addition is approx-
imately constant and only the thermal expansion should
be considered. As the addition dissolves, the submerged
volume and thus the total upward force decrease.
Consequentially, a monotonous decreasing trend is
expected during the FDP.
C. Ti: Steel Shell Period
Reconsider the load cell data in Figure 3. Upon
immersion, the measured force corresponds well with
the force calculated with Eq. [2], indicated by the square.
Thereafter, the force remains approximately constant or
increases slightly. This shows that the shell thickness
cannot be accurately deduced. The net downward force
on the shell is small because of the limited density
difference between the solidified Fe and the melt, 7234
kg/m3 at 1811 K (1538 C) compared to 6966 kg/m3 at
Table IV. Mean Composition of Commercial Pure Ti Grade 2
Element Fe C N O H Ti
[wt pct] 0.25 0.08 0.05 0.18 0.01 balance
Fig. 3—Left: Raw load cell data for a Ti cylinder immersed in liquid Fe. The dot ‘‘S’’ marks when the sample was fully immersed. The gray
zone marks the period during which the sample is immersed. Right: Time-averaged net upward force per meter calculated for the gray period on
the left figure. The square indicates the expected force before any shell has solidified. The dashed line gives the approximate end of the SSP.
Ri = 0.01 m; superheat = 75 ± 5 K.
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1885 K (1612 C).[28] The slight increase can be
explained by the melting of the shell and by the thermal
expansion of the addition. Although the radial expan-
sion of the addition is restricted up to a certain degree by
the solidified shell, the latter will also expand as it is
reheated from its quenched state. Moreover, the addi-
tion can expand in the axial direction. After 8 s, the
normalized data exhibit a sudden decrease in force,
marking the end of the SSP.
Based on this decrease in force, the SSP was deter-
mined as a function of the superheat (Figure 5) and the
original cylinder radius (Figure 6). Apart from the
outlier in Figure 6 for 60 K superheat and an initial
radius of 0.01 m, all datasets show a monotonic increase
in SSP for decreasing superheat and increasing initial
size. Increasing the superheat from 40 K to 80 K for a
0.01-m radius sample increases the shell melting time
from 4.5 s to about 20 s, while increasing the initial
radius from 0.0075 m to 0.015 m leads to approximately
a threefold and a fourfold increase at superheats of 60 K
and 75 K, respectively.
D. Ti: Free Dissolution Period
After the shell has melted, the Ti is spread in the melt.
Due to the exothermic heat released upon mixing Ti and
Fe, the melting point of Ti (1940 K (1667 C)) can be
reached at the Ti-melt interface,[16] increasing the
dissolution rate. Because the force does not change
anymore once the sample has completely dissolved, the
end of the FDP can be clearly distinguished on the raw
load cell output. In an absolute sense, the same trends as
for the SSP are reflected in the FDP (Figures 7 and 8).
The FDP is longer at lower superheats and for larger
initial sample sizes. Consequentially, the total dissolu-
tion time also shows the same behavior.
E. Ti: Reaction Zone Size
Because of the density difference between the liquid
reaction zone and the melt, a net force is associated with
the former. As long as the shell is present over the entire
sample, this force is measured by the load cell. As soon
as the bottom part of the shell disappears, this contri-
bution is no longer measured and thus a discontinuity is
expected. However, due to the fact that the melting of
the shell occurs unevenly over the length of the cylinder,
the discontinuity may be smeared out in time. In most of
Argyropoulos’[8] data, who conducted largely similar
experiments, this jump is not present. It is not clear why.
A possible explanation lies in his use of a steel cap at the
sample bottom to suppress any bottom effects. While
there is a net upward force associated with the relatively
light reaction zone, there is a net downward force
associated with this cap. The concurrent release of the
cap could mask the reaction zone release. In the current
analysis, a large change in force at the transition from
SSP to FDP is typically observed. The force value at the
start of the FDP now allows estimation of the remaining
Ti radius and thus the part of Ti that has dissolved in the
reaction zone during the SSP. During the FDP, the
Fig. 4—Schematic of the influence of different force contributions on
the measured force during the steel shell period.
Fig. 5—Measured shell period of Ti cylinders in liquid Fe as a func-
tion of superheat. Ri = 0.01 m.
Fig. 6—Measured shell period of Ti cylinders in liquid Fe as a func-
tion of initial sample radius.
METALLURGICAL AND MATERIALS TRANSACTIONS B VOLUME 44B, JUNE 2013—565
cylinder consists of pure Ti and if a constant cylinder
temperature is assumed, Eq. [2] can be rewritten as
FNUF ¼ FB  FG ¼ VTiimm qFeliquid  qTisolid
 
 g: ½3
Because FNUF expresses the force normalized with
respect to the immersed length, r can be determined by








Provided that the values of qFeliquid and q
Ti
solid are known,
the remaining radius of the Ti cylinder can be determined.
For qFeliquid , the density of the bulk melt is used and it is
assumed that qTisolid = 4315 kg/m
3, corresponding to a
mean temperatureof 1600 K (1327 C).FNUF corresponds
to the mean force over the first second of the FDP. Based
on this formula, the quantity of dissolved Ti has been
estimated for different superheats (Figure 9). Because the
force changes abruptly on the transition fromSSP toFDP,
the uncertainties on the force and thus the Ti radius are
rather large. Overall, there is a trend toward a larger
liquefied fraction at lower superheats. The increase in SSP is
thus partially compensated by the internal dissolution of the
addition, reducing theamountof addition todissolveduring
the FDP. Moreover, because a longer SSP will lead to a
higher temperature in the addition at the start of the FDP,
the latter should proceed faster as well. The duration of the
SSP relative to the total dissolution time is thus expected to
increase with decreasing superheat. Although not very
outspoken, this trend can be observed in Figure 10. The
effect of the initial sample radius on the relative importance
of the SSP ismore difficult to judge, and no clear correlation
can be drawn from the available data.
F. FeTi70: Synthetic Cylinder Preparation
Figure 11 shows the typical microstructure of the syn-
thetic FeTi70 cylinders prior to immersion. It consists of a
three-phasemixture of b-Ti, FeTi, and FeTi2. In general, all
three phases appear as large grains, but at some places, a
veryfineeutecticofb-Ti andFeTi is observed.Locally, small
a-Ti grains were detected. No gradient in concentration or
microstructural morphology was observed over the cross
section. Traces of dissolved Si (<1.0 wt pct) were measured
in some regions. The sand blasting and grinding treatment
did not lead to a higher Si content near the sample edges.
Fig. 7—Measured free dissolution period (left) and total dissolution time (right) of Ti cylinders in liquid Fe as a function of superheat.
Ri = 0.01 m.
Fig. 8—Measured free dissolution period (left) and total dissolution time (right) of Ti cylinders in liquid Fe as a function of initial sample ra-
dius.
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Overall, the synthetic alloy resembles the main fea-
tures of the industrial alloy, while it lies closer to the
binary system, simplifying the interpretation. The
phases, b-Ti, FeTi, and FeTi2, are also present in the
industrial alloy. The main difference with the industrial
alloy is the reduction in a-Ti content, which can be
explained by the absence of a-stabilizing Al. The
presence of the O-stabilized FeTi2 phase
[29,30] over the
entire cross section suggests that oxygen infiltrates
during production, before the cylinders have solidified.
The most important oxygen source is probably the
reduction of the SiO2 tube by the Ti in the liquid
ferroalloy, which also explains the traces of Si in the
solidified cylinder.
G. FeTi70: Dissolution Experiments
Figure 12 shows a typical load cell measurement for a
FeTi70 cylinder. Near the end of the SSP, an increase in
force is observed. After the SSP, the force drops to zero
within seconds. The effect of the superheat on the SSP is
shown in Figure 13. As is the case for Ti, the SSP
decreases with increasing superheat of the melt.
H. Ti and FeTi70 Comparison
Qualitatively, the very fast reduction of the force after
the SSP for FeTi70 is the main difference with the load
cell data for Ti. This difference can be related to the
reduced melting point of FeTi70, which coincides
approximately with the lowest eutectic temperature in
the Fe-Ti system (1354 K (1081 C)). Consequentially,
while the reaction zone formation is limited by mass
transport in the case of Ti, the melting of FeTi70
requires heat transport only and is thus expected to be
significantly faster. The steep drop in force after the SSP
is indicative for a large liquid reaction zone and possibly
for complete melting of the addition within the shell.
Another proof of this fast internal melting is the increase
in force during the SSP. The expansion associated with
the melting increases the buoyant contribution and
thus the net upward force. For Ti, this trend is weak due
to the limited reaction zone size. For FeTi70, it is much
Fig. 9—Ti radii at the end of the shell period for immersion of Ti
cylinders in liquid Fe with variable superheat. The dashed line is a
least squares linear fit. Ri = 0.01 m.
Fig. 10—SSP duration relative to the total dissolution time for variable superheat (left: Ri = 0.01 m) and variable initial sample radius.
Fig. 11—Typical microstructure of a synthetic FeTi70 cylinder (BSE
image). Phases: eutectic consisting of b-Ti and FeTi (1), FeTi (2),
b-Ti (3), and FeTi2 (4).
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more pronounced. Because of this internal melting, the
SSP for the investigated FeTi70 samples corresponds
approximately with the total dissolution time.
Quantitatively, the SSP for Ti and FeTi70 cylinders is
compared in Figure 14. For samples of the same size,
the SSP for FeTi70 is slightly longer than for Ti at a
specific superheat. This increase in SSP can be related to
the enthalpy demand for the internal melting of the
alloy, which will slow down the melting rate of the shell.
Another reason for this increase is the difference in
thermal conductivity. The thermal conductivity of Fe is
higher than that of Ti and so is the conductivity of
stoichiometric FeTi,[31] which accounts for a substantial
fraction of the original alloy. As a consequence, the
higher thermal conductivity of FeTi70 compared to Ti
will also increase the enthalpy demand, leading to
thicker shells and prolonging the SSP. However, because
the total dissolution time of FeTi70 is approximately
equal to the SSP, FeTi70 cylinders will typically dissolve
faster than Ti.
I. Implications for Industrial Secondary Steelmaking
In order to extrapolate the experimental results to
industrial practice, the respective conditions should be
compared. A number of differences exist. The major
difference is to be found in the respective flow profiles.
In the experiments, the flow during immersion is
governed by natural convection, whereas the flow in
industry is dominated by forced convection. Moreover,
the flow may be very diverse in different regions of the
ladle, ranging from vigorously stirred turbulent regions
to dead zones with an almost stagnant melt. Another
difference is the shape of the additions, which is more
irregular in industrial practice. Finally, during second-
ary steelmaking, the additions may be partially oxidized
by contact with air above the melt or by reaction with
slag when passing through the slag layer. Each of these
differences will affect the dissolution behavior to a
certain extent.
Qualitatively, it is expected that the oxidation of Ti or
FeTi70 will partially inhibit the interaction between the
Fig. 12—Left: Raw load cell data for a FeTi70 cylinder immersed in liquid Fe. The dot ‘‘S’’ marks when the sample was fully immersed.
The gray zone marks the period during which the sample is immersed. Right: Time-averaged net upward force per meter calculated for the gray
period on the left figure. The square indicates the expected force before any shell has solidified. The dashed line gives the approximate end of the
SSP. Ri = 0.01 m; superheat = 70 ± 5 K.
Fig. 13—Measured shell period of FeTi70 cylinders in liquid Fe as a
function of superheat. Ri = 0.01 m.
Fig. 14—Comparison of experimental shell periods for immersion of
Ti and FeTi70 in liquid Fe with variable superheat. Ri = 0.01 m.
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steel shell and the addition. The presence of a nm-thick
oxide layer between the addition and the shell will act as
a barrier for mass transport and, to a lesser extent, as a
thermally insulating layer. Because FeTi70 dissolution
relies primarily on heat transport, only a limited
influence is anticipated. For Ti, the influence will
increase as the oxide layer grows thicker. In general,
the influence is expected to be small, as microstructural
analysis has shown that oxide layers are expected to
break up or dissolve in a matter of seconds after
immersion.[17] When the oxide layer is several lm thick
and covers the entire surface of the addition, as may be
the case when passing through a slag layer, the thermal
insulation effect will become more important, effectively
slowing down the heating of the additions and prolong-
ing the SSP.[32]
The influence of the flow conditions is readily
translated in qualitative terms, i.e., a stronger flow
yields faster heat transfer at the shell-melt interface,
allowing faster melting of the shell and shortening the
total dissolution time. It is evident that because of the
variations in flow throughout the melt, the dissolution
time for a specific size and type of addition will vary
depending on the location where it is added. These
variations may substantially affect the dissolution time,
but they should not alter the dissolution mechanisms for
Ti and FeTi70 as observed on the lab scale. To account
for these variations in a quantitative manner, the SSP
and FDP should be described mathematically. This is a
non-trivial task which requires numerical modeling.[6]
There are several examples available in the literature
which use a 1D model to describe the solidification and
melting of a shell around additions to a metallic
melt.[6,9,16,19,33] These models typically only account
for heat transfer and cannot describe the reaction zone
development by interaction between the shell and the
addition for which mass transfer is required. Moreover,
these models usually assume temperature-independent
properties. Considering the large temperature range, this
approximation may introduce substantial errors. These
shortcomings can be overcome by applying a conserva-
tive numerical scheme for coupled heat and mass
transport[34] to the case of Ti and FeTi70 dissolution.
The experimental results presented here can then be used
for model validation. By varying the transfer coefficients
at the shell-melt interface, variations in the convective
conditions may be simulated, and quantitative extrap-
olations to industrial practice can be made. Variations in
shape can be accounted for with a geometrical factor.
IV. CONCLUSIONS
Within the framework of secondary steelmaking
process optimization, the dissolution of Ti and FeTi70
additions in liquid steel was studied. When these
additions are dropped in the melt, a steel shell solidifies
around them and a liquid reaction zone will form at the
shell-addition interface. When the shell melts, this
reaction zone and the unreacted addition are released
in the melt. The influence of process parameters on this
shell melting was evaluated by continuously measuring
the apparent weight of submerged cylinders with a load
cell. For Ti, the melt temperature and the addition size
were varied and for FeTi70, the melt temperature was
varied. The shell period increases for decreasing super-
heat and for larger sample sizes. A large change in force
at the onset of the free dissolution period was linked to
the release of the liquid reaction zone. The amount of
addition that dissolved in the reaction zone was esti-
mated based on the force value at the start of the free
dissolution period. For Ti, the longer shell period at
lower superheat is partially offset by a larger reaction
zone. For FeTi70, the shell period is longer than for Ti
under the same process conditions. However, all inves-
tigated FeTi70 samples may melt completely within the
shell, as indicated by the steep drop in force after the
shell period, yielding a net reduction in the total
dissolution time compared to Ti. Because the total
dissolution time for FeTi70 corresponds with the shell
period, the shell melting strongly influences its disper-
sion in the melt. In future work, a detailed quantitative
comparison will be made between this experimental data
and a model[34] for the shell period. Based on this
validation, it is envisaged to apply the model to a range
of (ferro)alloys within the framework of inclusion
control and melt homogenization during secondary
steelmaking.
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